The development of ultrafine eutectic composites (UECs) containing micron-scale dendrites in an ultrafine eutectic matrix has been highlighted as a novel strategy to obtain simultaneously high strength and plasticity through controlling the plastic instability during deformation[@b1][@b2]. For example, Ti-based UECs present a superior combination of both a high strength of 1.2 GPa and a plastic strain of more than 10% at room temperature[@b1]. Systematic investigations on the deformation mechanisms of such Ti-based UEC have revealed that the micron-scale dendrites play a dominant role for controlling the strength and plasticity at the early stage of the deformation[@b3]. At this stage pronounced interactions of slip bands occur and the deformation is controlled by dislocations that are induced in the micron-scale dendrites[@b4]. Furthermore, the interaction between slip and shear bands modulates the direction of the slip bands. On the other hand, the ultrafine eutectic matrix of the Ti-based UECs plays a key role to control the behavior at the late stage of deformation by effectively dissipating the localized deformation thus resulting in a rearrangement of the ultrafine eutectic structure along a direction of the primary deformation bands, i.e. primary shear bands[@b5]. The detailed understanding of the deformation mechanisms that are active in such materials allows to further optimize both the strength and the plasticity of the UECs by manipulating the volume fraction of the micron-scale dendrites and the ultrafine eutectic matrix[@b5][@b6]. However, one of the critical issues in these UECs that still has to be solved is the typical tradeoff between strength and plasticity[@b7], i.e. increasing the strength of metallic materials while simultaneously maintaining a large plasticity, such as to generate new high performance materials.

In order to engineer such alloys, the microstructure tailoring of ultrafine eutectic alloys (UEAs) without any micron-scale dendrites and even bimodal ultrafine eutectic composites (BUECs) consisting of two different eutectic structures formed by a pseudo-peritectic reaction have been proposed[@b8]. Indeed, UEAs and BUECs exhibit homogeneous flow upon deformation without compromising a strength decrease[@b9]. Microstructural investigations of such UEAs and BUECs have shown that not only structural heterogeneity concerning the length-scale, the morphology and the phase selection in the lamellar structure but also chemical heterogeneity driven by liquid separation of minor elements at the colony boundaries are crucial to achieve plasticity without sacrificing the strength[@b10]. Thus, the appropriate selection of minor alloying elements capable to introduce structural and chemical heterogeneity is important to manipulate the ultrafine microstructure in these alloys[@b11][@b12]. Further detailed microstructural investigations on deformed UEAs and BUECs clearly revealed that the homogeneous flow often occurs by effective dissipation of the shear stress along the colony boundaries thus resulting in a rotation of the ultrafine colonies[@b13]. Meanwhile, the achievable strength of the UEAs and BUECs is governed by the interfaces in the lamellar structure[@b14]. However, so far there have been no attempts to elucidate the microscopic deformation mechanisms of the UEAs and BUECs considering the role of the interfaces in the lamellar structure and of the colony boundaries simultaneously.

Recently, there have been some approaches to elucidate the deformation mechanisms of materials using atomic force microscopy (AFM)[@b15]. Since AFM allows to resolve the topography of deformed specimens from the nano- to the micron-scale, it is possible to reveal the explicit features of slip bands, crack initiation and grain boundary sliding. Based on this view of point, it is belived that the microscopic deformation mechanisms of the UEAs and BUECs can be demonstrated more accurately by using AFM topography images with quantitative height measurement.

From previous investigation of a series of Al-Cu-Si UECs, it is possible to clarify the relationship between phase selection and mechanical properties as listed in [Table 1](#t1){ref-type="table"}. In general, one can find that the UECs with primary Al~2~Cu phase i.e. Al~75~Cu~18~Si~7~, Al~76~Cu~22~Si~2~ and Al~80~Cu~17~Si~3~ alloys present a relative high strength with limit plasticity. On the other hand, the UECs with primary α-Al phase i.e. Al~80~Cu~5~Si~15~, Al~83~Cu~11~Si~6~ and Al~88~Cu~10~Si~2~ alloys show high deformability with low strength at room temperature. However, it is worth to note that Al~81~Cu~13~Si~6~ BUEC reveals high strength without significant compromising plasticity. It is believed that the BUEC with different length-scale of eutectic structure is considered to have desirable microstructure to optimize the strength and plasticity together. Furthermore, it is necessary to elucidate the deformation mechanism of the BUEC to clearly understand the roles of the heterogeneities leading both high strength and large plasticity during deformation. Thus, we have chosen the Al~81~Cu~13~Si~6~ BUEC as a typical example to clearly understand the microscopic deformation mechanism by measuring the nano- to micro-scale topographical change using AFM.

[Figure 1](#f1){ref-type="fig"} shows the XRD pattern and a SEM backscattering electron (BSE) micrograph together with a TEM bright-field image of the as-cast Al~81~Cu~13~Si~6~ alloy. The sharp diffraction peaks in [Fig. 1a](#f1){ref-type="fig"} were identified as a mixture of a face-centered cubic (f.c.c.) α-Al solid solution (Fm3m, a = 0.4049 nm), a body-centered tetragonal (b.c.t.) θ phase (Al~2~Cu) (I4/mcm, a = 0.6063 nm and c = 0.4872 nm) and a diamond cubic (d.c.) Si phase (Fd3m, a = 0.5430 nm). The BSE micrograph in [Fig. 1b](#f1){ref-type="fig"} reveals the formation of a typical bimodal ultrafine eutectic structure. Coarse and fine eutectic structures with different length-scale of lamellar spacing coexist, as marked by the arrows in [Fig. 1b](#f1){ref-type="fig"}. The volume fraction of the coarse eutectic colonies was measured to be 70--80 vol.% throughout the sample. The coarse eutectic structures with an average size (i.e. colony size) of 5--10 μm are homogeneously embedded in a fine eutectic matrix implying that the coarse eutectic colonies form first upon solidification.

The TEM micrograph in [Fig. 1c](#f1){ref-type="fig"} reveals that the coarse eutectic structure consists of a mixture of α-Al and θ-Al~2~Cu phases. The length-scale of the lamellae in the coarse eutectic is 100--200 nm. On the contrary, the fine eutectic matrix consisting of a mixture of α-Al, θ-Al~2~Cu and Si phases has a typical anomalous ternary eutectic structure. The EDX results indicate that only the fine eutectic matrix contains a high amount of Si implying that there is no chance to form a Si phase in the coarse eutectic colonies. The quantitative chemical analysis of the primary coarse eutectic colony and fine eutectic matrix shows that there are 96.80 ± 0.5 at.% Al, 2.65 ± 0.05 at.% Cu and 0.55 ± 0.02 at.% Si in the α-Al phase, 63.78 ± 0.3 at.% Al, 35.37 ± 0.2 at.% Cu and 0.85 ± 0.05 at.% Si in the θ-Al~2~Cu phase (for coarse eutectic) and 96.33 ± 0.5 at.% Al, 2.71 ± 0.05 at.% Cu and 0.96 ± 0.02 at.% Si in the α-Al phase, 61.34 ± 0.3 at.% Al, 36.75 ± 0.2 at.% Cu and 1.91 ± 0.05 at.% Si in the θ-Al~2~Cu phase and 10.33 ± 0.1 at.% Al, 6.53 ± 0.05 at.% Cu and 83.14 ± 0.5 at.% Si in the Si phase (for fine eutectic matrix), respectively. This reveals that partitioning of Si has a significant influence to primarily form the coarse eutectic structure with a typical lamellar structure, stabilized by the topological and crystallographic anisotropy of the α-Al and θ-Al~2~Cu phases upon solidification[@b16][@b17]. [Figure 1d](#f1){ref-type="fig"} displays a typical room temperature engineering stress-strain curve of the as-cast Al~81~Cu~13~Si~6~ BUEC under tensile testing. The yield strength, σ~y~, fracture strength, σ~f~, and plastic strain, ε~p~, are 538 MPa, 708 MPa and 3.3%, respectively. The inset SEM micrograph in [Fig. 1d](#f1){ref-type="fig"} obtained from the fracture surface of the alloy clearly reveals the formation of equiaxed dimples with a "cup-like" concave contour as indicated by arrows. Moreover, the size of the dimple areas of 5--10 μm is more or less of same size as the coarse eutectic colonies shown in [Fig. 1b](#f1){ref-type="fig"}. From previous investigations on the microscopic deformation mechanism of UEAs and BUECs[@b8][@b17], it is known that the dimples on the fracture surface are a result of the rotation of the eutectic colonies with length-scale heterogeneity along the boundaries of the spherical eutectic colonies. Such rotational motion of the eutectic colonies often accompanies complex plastic flow features such as wavy flow patterns to effectively dissipate the localization of the shear stress during deformation[@b18].

The SEM micrograph in [Figure 2a](#f2){ref-type="fig"} obtained from the lateral surface of the fractured sample shows localized shear deformation bands. [Figure 2b](#f2){ref-type="fig"} clearly reveals a characteristic wavy pattern of the shear bands along the primary colony boundary suggesting an effective dissipation of the localization of the shear stress. The length-scale of the wavy pattern of the shear band is approximately 7 μm, as indicated in [Fig. 2b](#f2){ref-type="fig"}. This oscillation-length of the wavy propagation of the shear bands is more or less identical to the length-scale of the shear bands as well as the colony size, i.e. 5--10 μm, as shown in [Fig. 1b](#f1){ref-type="fig"}. This suggests that the propagation of shear bands along the interface of the primary eutectic colonies is possibly caused by a rotational mechanism of the eutectic colony, similarly to previous investigations on the deformation behavior of Ti-, Fe- and Mg-based BUECs[@b9][@b19][@b20]. The AFM images obtained from the same area shown in [Figs. 2c and d](#f2){ref-type="fig"} reveal that both the length-scale and the oscillation-length of the wavy propagation of the shear bands are \~7 μm. This clearly shows that the interfaces between the primary eutectic structure and the matrix, i.e. the colony boundaries, play an important role to effectively accommodate the shear strain. As suggested by previous investigations on the deformation behavior of BUECs[@b9], the rotation of the primary eutectic colonies allows to effectively dissipate the excessive stress concentration that otherwise would cause localization of the shear stress during deformation. Based on this understanding, it is possible to suggest that the interfaces of the ultrafine structure in the primary eutectic colonies have a similar influence for controlling the deformation behavior of the BUECs.

In order to elucidate the effect of the interfaces of the ultrafine lamellar structure in the primary colonies, it is necessary to determine the detailed change of the height profile using AFM. [Figure 3a](#f3){ref-type="fig"} displays a typical cross-sectional height profile of the lateral surface of a fractured sample along the white dot line of \~30 μm shown in [Fig. 2c](#f2){ref-type="fig"}. As indicated by the dotted lines in [Fig. 3a](#f3){ref-type="fig"}, there is a typical unit distance of 5 \~ 10 μm determined by a sudden drop of the height by 200 \~ 250 nm. This typical unit distance appears regularly and is identical to the size of the primary eutectic colonies of 5--10 μm, as shown in [Figs. 1b](#f1){ref-type="fig"} and [2a](#f2){ref-type="fig"}. This finding suggests that the significant change in the height is possibly caused by the accommodation of the localized shear strain at the boundary of the primary colonies during deformation. The schematic drawing in [Fig. 3a](#f3){ref-type="fig"} illustrates that the regular occurrence of the distinct change of the height by 200 \~ 250 nm in depth at the primary colony boundaries can be linked to the rotation of the primary colony boundaries in order to accommodate the strain. Macroscopically, the rotation of the primary colonies contributes to the plasticity of the sample through the so-called rotational boundary mode[@b9][@b13].

When inspecting the deformation mechanisms of the Al~81~Cu~13~Si~6~ BUEC more closely, one can find several small stepped-height changes within the regular unit length suggesting that microscopic and mesoscopic deformation occurs in the primary eutectic colony. [Fig. 3b](#f3){ref-type="fig"} displays a detailed AFM height profile obtained from the fracture surface of a primary eutectic colony with a size of \~10 μm, which is identical to the regular unit distance as described in [Fig. 3a](#f3){ref-type="fig"}. In general, it is possible to categorize the height changes into two distinct features along the lateral distance, as indicated by i) and ii) as marked in [Fig. 3b](#f3){ref-type="fig"}. In general, the point i) often contains typical nano-scale height steps with 5 \~ 20 nm in depth. These nano-scale height steps usually occur through the height profile and are more or less identical to the length-scale of the lamellar spacing (100 \~ 200 nm) in the primary eutectic colonies, as determined by TEM ([Fig. 1c](#f1){ref-type="fig"}). This reflects that the interfaces of the lamellar structure in the primary eutectic colonies also effectively accommodate the local deformation strain during deformation. Thus, not only the interfaces of the primary colony boundaries (i.e. rotation of the colony boundaries), but also the interfaces of the lamellar structure in the primary eutectic colonies are important to efficiently accommodate the strain. Furthermore the point ii) corresponds to typical height steps of 80--90 nm in depth. This height change occurs by the accumulation of three or four lamellar structures in the primary colony. From the AFM height profile measurements, one can infer the details of the deformation mechanisms of Al~81~Cu~13~Si~6~ BUEC by the schematic illustration sketched in [Fig. 3c](#f3){ref-type="fig"} indicating three different modes: (I) rotational boundary mode, (II) accumulated interface mode and (III) individual interface mode. However, the interfaces of either the colony boundary or the lamellar structure have a significant difference concerning the ability to accommodate the strain because of their different characteristics in terms of structural coherency[@b21][@b22][@b23][@b24]. In other words, depending on the degree of lattice mismatch among the matrix, colony boundaries and individual eutectic interfaces stress relaxation and strain accommodation capacities can be significantly altered. Such a distinct lattice mismatch of interfaces/boundaries causes the spatial heterogeneous strain distribution and different strain relaxation behavior during deformation[@b25][@b26][@b27]. The rotational boundary mode (I) occurs at the colony boundaries between the primary and matrix eutectic structures. Due to high height change determined from the AFM height profiles, it is believed that the rotational interface mode at the colony boundaries has a dominant effect to accommodate the strain during the deformation of the Al~81~Cu~13~Si~6~ BUEC. The accumulated interface mode (II) is considered as an unique way to accommodate the strain inside the primary colonies. Compared to the individual interface mode (III), the amount of strain accommodation is relatively high as inferred from the height change. Altogether, our findings suggest that the reason to activate the accumulated interface mode is due to the need to release the stress concentration at the interfaces of the lamellar structure. Apparently, the individual interface mode (III) originating from the coherent interfaces in the primary colonies can gradually destroy the structural coherency during deformation. Hence, the combination of the accumulated interface mode (II) and the individual interface mode (III) allows accommodating a considerable amount of plastic strain for the ultrafine eutectic structure.

As described above, it is possible to develop a novel strain accommodated eutectic structure through triggering three different interface-controlled deformation modes; (I) rotational boundary mode, (II) accumulated interface mode and (III) individual interface mode. Especially, the unique accumulated interface mode plays an important role to release the stress concentration at the interfaces of the lamellar structure which is operated by the individual interface mode (III). It is obvious that the rotational interface mode at the primary colony boundaries has a dominant effect to accommodate the strain. Of course, there is no doubt that further investigations are necessary to fully interpret the high strength and plasticity of the BUECs in light of the details of the deformation mechanisms governed by the three different interface modes. Nevertheless, this novel finding of a strain accommodated eutectic structure can give valuable information to design superior ultrafine eutectic alloys with excellent mechanical properties.

Methods
=======

The Al~81~Cu~13~Si~6~ alloy used for the present study was prepared by arc melting pure elements (purity \> 99.8%) under an argon atmosphere[@b15]. A master alloy ingot was re-melted at least four times to guarantee compositional homogeneity. From this master alloy cylindrical rod-shape samples of 3 mm diameter and 50 mm length were fabricated using a suction casting facility. The phases present in the alloy were identified by X-ray diffraction (XRD, Rigaku-D/MAX-2500/PC) with Cu Kα~1~ radiation (λ = 1.5406 Å). Scanning electron microscopy (SEM: JEOL JSM-6390) combined with energy-dispersive spectrometry (EDX) was employed for microstructure observation and composition analysis. A transmission electron microscope (TEM, Tecnai F20) was used for structural characterization. Thin foil samples for TEM analysis were prepared by conventional ion milling (Gatan, Model 600). The mechanical properties were evaluated under uniaxial tension loading with an initial strain rate of 1 × 10^−3^s^−1^ at room temperature (Shimazu Universal Tester). For tensile testing, the samples were machined and polished into dog-bone-shaped specimens with a gauge length of 10 mm and a cross section of 2 mm × 1 mm. Systematic studies of the lateral surfaces of the fractured sample were done in order to clarify the microscopic deformation modes using non-contact mode atomic force microscopy (PSIA, South Korea) with a standard pyramidal tip having a radius of curvature of less than 50 nm.
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![Phase, microstructural analyses and mechanical properties.\
(a), XRD pattern. (b), BSE SEM image. (c), BF TEM image. (d), tensile stress-strain curve of the as-cast Al~81~Cu~13~Si~6~ bulk ultrafine eutectic composite. The insets in (c) and (d) show the SAED patterns obtained from the as-cast sample and the SEM micrograph obtained from the fractured sample, respectively.](srep06500-f1){#f1}

![Lateral and fracture surface morphologies.\
(a--b), BSE SEM image, (c--d), AFM morphologies of lateral surface after tensile testing.](srep06500-f2){#f2}

![Deformation mechanism under tensile load.\
(a--b), Height profiles of shear bands along the lateral surface. (c), Schematic illustration of the deformation behavior of the as-cast Al~81~Cu~13~Si~6~ bulk ultrafine eutectic composite during tensile deformation.](srep06500-f3){#f3}

###### Mechanical properties of Al-Cu-Si UECs. Yield strength *σ~y~*, Ultimate fracture strength *σ~max~*, Plastic strain *ε~p~*, and Constituent phases

  Alloys               *σ~y~* (MPa)   *σ~max~* (MPa)   *ε~p~* (%)        Constituent phases
  ------------------- -------------- ---------------- ------------ ------------------------------
  Al~75~Cu~18~Si~7~      810 ± 20        945 ± 25      1.3 ± 0.5      Al~2~Cu + Si + Eutectic
  Al~76~Cu~22~Si~2~      774 ± 20        777 ± 25      0.2 ± 0.1         Al~2~Cu + Eutectic
  Al~80~Cu~17~Si~3~      750 ± 20        901 ± 25      1.9 ± 0.5     Al~2~Cu + Bimodal eutectic
  Al~80~Cu~5~Si~15~      520 ± 15        698 ± 20       13.7 ± 2        α-Al + Si + Eutectic
  Al~81~Cu~13~Si~6~      773 ± 20       1014 ± 25       8 ± 1.5           Bimodal eutectic
  Al~83~Cu~11~Si~6~      589 ± 15        735 ± 20       4.6 ± 1     α-Al + Si + Bimodal eutectic
  Al~88~Cu~10~Si~2~      518 ± 15        725 ± 20       16.1 ± 2          α-Al + Eutectic
